To test the hypothesis that Ca channel plays a role in renal epithelial Ca transport, we exposed and patched apical membranes of freshly microdissected rabbit connecting tubules (CNTs) (J. Clin. Invest. 1993. 92:2731-2736
Recently, the techniques of tubule dissection, lumen exposure, and patch-clamp electrophysiology have been combined to fruitfully study AM Na and K channels in cortical collecting tubules (7, 8) . We used a similar strategy to test the Ca channel hypothesis in the rabbit CNT. Our results are herein reported.
Methods
Albino rabbits were fed regular laboratory diet until they weighed . 1.9 kg. After decapitation, CNTs were dissected as before (3, 4, 6) , at 10C in a solution containing (in mM) KCI 5, NaCl 148, CaCl2 1.7, Na2HPO4 2, MgCl2 1.2, D-glucose 5.6, L-alanine 6, and pH to 7.4 with NaOH. Placed on a 0.5-cm2 plastic plate and following the method of Palmer and Frindt (7), the CNT was split lengthwise to expose the AM and immobilized by tacking down at both ends. The plate was transferred into a superfusion chamber (0.35 ml) over an inverted microscope. Separate power supply and grounding were used to minimize noise. All patch-clamp equipment was housed, if possible, inside an aluminum Faraday cage on a vibration-free table. Direct current battery illuminated the microscope. Till excision, the CNT was bathed in a solution containing (in mM) Na acetate 138, K acetate 5, Mg acetate 1.5, Ca acetate 1.8, Hepes 10, u-glucose 5 , and pH to 7.4 with NaOH. Patch electrodes, [8] [9] [10] MQ, made from capillary tubes by a two-stage vertical puller (Narashige USA, Greenvale, NY), were filled with a solution containing (in mM) Ba acetate 50, Ca acetate 0 or 1.8, u-mannitol 143-148, and in some experiments, amiloride 0.2 mM and/or Bay K 8644. Mounted on the integrated head stage of an Axopatch 1-D amplifier (Axon Instruments, Inc., Foster City, CA), the electrode was lowered into the bath. After offsetting liquid junction potential, the electrode was deposited on the AM to establish a high resistance seal (2 15 GU) by gentle suction. Both on-cell and excised, inside-out patches were studied at 22±1 'C. After excision, bath contained 0 or 20 mM Na acetate, 0.23 or 0.5 mM Mg acetate, 10 sM EGTA, and enough u-mannitol (231-273 mM) to match the osmolality of pipette solution. The 0.23 mM Mg bath was used to accommodate the extra free Mg due to 2 mM Mg ATP. CsOH was used to adjust pH of Na-free solutions to 7.4 (3, 4, 6) . Data were subjected to appropriate Student's t tests (9) and presented as mean±SE. A P value 2 0.05 is considered significant.
Results
For pipette potentials (Vp) between -10 and 70 mV, spontaneous P. for cell-attached patches was 0.026±0.023% (n = 7).
Activity was very infrequent in the absence of agonists. 11.5±2.3 min after incubation with bath 8-Br-cAMP, [1] [2] [3] (Fig. 1, top) . From the current-voltage relationship (Fig. 1, bottom) (Fig. 3) . Conversely, three seals were relatively quiet at -70 mV, with PO of 0.006% when exposed to only 1 qg/ml ofbath PKACS and 2 mM of Mg ATP until Bay K was added (P.
= 0.83±0.53%) (Fig. 4) . (12), the Ca/Na permeability ratio was 2,855, indicating a high selectivity of this channel for Ca over Na. Effects of nifedipine, 25 ,uM to 1 mM, were studied in four seals (Fig. 8) (Fig. 8) . In two seals studied, substitution of bath nifedipine with bath Bay K restored channel activity.
Discussion
Our data document Ca channels in apical membranes ofrabbit CNT, with a 60% incidence. With 50 mM Ba, the slope g is 25 pS. Ca/Na permeability ratio was -2,800. Spontaneous P0 is negligible, but it is stimulated to -2% by agonists. The channels are activated by either cAMP/PKACS or DHP Ca agonist, with the most consistent stimulation if exposed to both. Channel activity is reversibly inhibited by dihydropyridine Ca antagonist. These features are shared by voltage-activated L-type Ca channels in excitable tissues (12) (13) (14) (15) .
There are, however, notable differences. First, renal cell Ca channels are not activated by membrane depolarization (Fig.  6) , which largely though reversibly abolished all openings. Activity seemed to peak around -70 mV, the reported resting Vm (10) . Second, the run-down phenomenon found in excitable cells (1 1, 13, 14) is absent in cell-free membrane patches of CNT if treated with PKACS and ATP.
Several inferences can be made from our results. First, the patch clamp data are consistent with the notion that the PTHactivated, cAMP-stimulated apical membrane Ca influx step is a Ca channel. Second, between the BLM and AM across which PTH and cAMP enhance Ca entry (3, 4) (17) , despite treatment with 30 mU/ml of PTH extracts. Before PTH, the basal rate (0.38 pmol/mm per min) was also lower in their hands ( 17) , which is compatible with the lower flux rate of 0.31 pmol/mm per min we calculated from the spontaneous P. of 0.052%.
We must emphasize the inherent uncertainties and potential errors associated with the above correlation attempt. There are many differences in experimental conditions, preparations, techniques, and methodologies, as well as many unproven assumptions involved in the estimates. For example, our patchclamp studies were performed, by necessity, with 50 mM Ba2 , whereas most tubule perfusion experiments employed 1-2 mM perfusate [Ca] . Thus, the deduced transmembrane Ca flux could theoretically represent 20-50 overestimate, although the impact of divalent cation concentration on current is not linear, with apparent dissociation constant of 14 and 28 mM for Ca and Ba respectively ( 18) . In practice, the effect of 50 mM Ba++ on current amplitude could be calculated to be 18.5 fold higher than that obtained with 1 mM ( 18 tosolic [Ca2+ ] have been found to stimulate distal nephron AM K channels (26, 27) and to inhibit AM Na channels (28) . Interestingly, PTH and cAMP elicit biphasic changes in CNT AM potential, consistent with the proposal of a dual modulation of AM Na channels (29): a direct stimulation by cAMP, but an indirect inhibition via the known increases in cytosolic
[Ca2+] secondary to PTH or cAMP (3, 4) . Specific studies will be needed to directly test these mutually nonexclusive hypotheses. We did not focus on cell-attached patches for several reasons. One, Vm cannot be precisely controlled. Ba, amiloride, PTH, and cAMP are known to alter Vm (10, 29) . Two, cytoplasmic (ions) and enzyme compositions could not be measured or controlled, rendering uncertain any estimates on Eeq. Three, the ease, certainty, and timing of completely delivering and/or withdrawing agonists/antagonists are better achieved in cell-free membrane patches. Finally, in our hands, on-cell patches are less stable than excised patches, especially during prolonged superfusion.
In summary, our results provide the first direct evidence for Ca channels in connecting tubule cells, consistent with the hypothesis ofa possible functional role in transepithelial Ca transport. The properties, regulation, and function ofthese channels are yet to be defined.
